This is the second part of the paper 'Paradigm shifts in surface metrology'. In part I, the three historical paradigm shifts in surface metrology were brought together, and the subsequent evolution resulting from the shifts discussed. The historical philosophy highlighted the fact that the paradigm shifts must be robust and flexible, meaning that surface metrology must allow for full control of surface manufacture and provide an understanding of the surface functional performance. Part II presents the current paradigm shift as a 'stepping stone', building on the above historical context. Aspects of surface geometry will also have to cater for surfaces derived from disruptive application, i.e. structured and freeform surfaces are identified candidates. The current shift is presented in three aspects: from profile to areal characterization; from stochastic to structured surfaces; and from simple geometries to complex freeform geometries, all spanning the millimetre to sub-nanometre scales. In this paradigm shift, the scale of surface texture is beginning to approach some of the geometrical features in micro/nano electro-mechanical systems devices and is becoming one of the most important functionality indicators. Part II will contextualize the current shifts in the discipline of surface metrology, and cement surface metrology in place in the ultra precision and nanotechnology age.
Introduction
There are two reasons for the current paradigm shift in the discipline of surface metrology.
(i) The dawn of the nanotechnology age (Royal Society Report 2004) has brought into clear focus the issues of our ability to measure and qualify commercial micro-and nanometre scale manufactured components. As the dimensions of a product become smaller, the importance of the surface and its properties become the dominant factor in the successful functionality of that product. Surface chemistry, tribology, stress state and geometry all combine to define the fitness for purpose of the product. Measurement of surface texture is becoming increasingly critical because of its direct link to part functionality. Manufactured items such as micro-and nanometre scale transistors, micro electro mechanical systems (MEMS) and nano electro mechanical systems (NEMS), optics and structured surface products are clear evidence of products where the surface plays the dominant role. (ii) The next generation of ultra-precision surfaces (Research Council 2004) will not only be incredibly smooth, but also have the specification of surface form at levels approaching atomic magnitude. Such surfaces will relate to a wide range of devices and components, including microelectronics devices, where semiconductor surfaces have to be extremely flat in order to pack more and more transistors and other microscopic components into the same area, optics in ground-and space-based telescopes, in defence-and satellite-based imaging systems and in large laser facilities, where smooth surfaces with complex optical shapes are required with precision up to one part in 10
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. Similar accuracy is also required in implantable medical devices such as hip and knee joints, where micrometre form and nanometre roughness requirements are specified in order to reduce the generation of wear debris.
The desire to measure and quantify geometric products at all levels, including micrometre, nanometre and atomic will continue to lead surface metrology from: profile to areal characterization; stochastic to structured surfaces; and simple shapes to complex freeform geometries.
Current shift: profile to areal characterization (a ) Classification of areal instruments
Probably the first step in areal surface texture analysis is that taken by Williamson (1967 Williamson ( -1968 , who built the first micrometre surface topography measurement system in 1968, and Grieve et al. (1970) , who built a system based on a Talysurf III in 1970. Both systems were essentially based on making measurement along parallel traces using conventional stylus systems. However, the progress in surface texture measurement was slow until the advent of the new generation of personal computers in the 1980s, making areal measurements more practical in terms of handling the large amount of data involved (Teague et al. 1982; De Chiffre & Nielsen 1987) .
Commercial areal surface instruments gradually became available in the early 1990s. Somicronic in France and Taylor Hobson in the UK both developed contacting stylus systems, while in the USA WYKO developed a system based on optical interferometry. These early pioneering commercial systems allowed good surface visualization with a small number of statistical parameters to quantify the surface topography.
Today instrumentation techniques have matured, the instrumentation now adopting a wide range of principles include contacting stylus, phase-shifting interferometry, white-light interferometry, confocal microscopy, chromatic probe microscopy, structured light techniques, scanning electron microscopy, scanning tunnelling microscopy and atomic force microscopy.
Comparison of the capabilities of surface texture instrumentation can be achieved by using plots in the amplitude-wavelength plane (figure 1), as suggested by Stedman (Stedman 1987; Thomas 1998) . Such a plot gives the working capabilities of an instrument in that plane with respect to instrument attributes such as resolution and range in the lateral and vertical dimensions, probe geometry, numerical aperture, scanning mechanisms and other instrument constraints. Vorburger et al. (1998) developed the basic scheme further. Now, such plots provide an invaluable guide to specifying metrology instrumentation for particular measurement needs.
(b ) Historical background for areal surface texture Although simple statistical descriptions such as peak-to-pit heights and surface slope (figure 2) were used at the beginning of areal surface texture characterization, the research first published concentrated on the difficult problem of specifying and characterizing areal features. In the 1970s, Nayak (1971) and Sayles & Thomas (1977) initially used five nearest-neighbour ordinates in areal surface data to define a peak or a pit. In order to investigate contact phenomena of random surfaces, Whitehouse & Phillips (1982) , Whitehouse (1994) also initially defined three areal parameters: summit density; summit height; and summit curvature. These definitions, however, depended on sampling density, and the results could be distorted by measurement noise.
The major shift and development of new concepts in areal characterization of engineering surfaces came in 1990 with the European Community supported BCR research programme (BCR 3374/1/0/170/90/2 1990). Within this project, Stout, Sullivan and Dong developed an integrated method for characterizing and measuring engineering surfaces in 'three dimensions', and generated the first definitions of the so-called 'Birmingham 14 parameters' (Stout et al. 1993) . In 1997, the EC issued a call for a requirement for a standard for areal surface characterization. The results, derived from this EC-sponsored research, entitled 'SurfStand' (E.C. Contract 1998) has formed the basis for areal 'three-dimensional' surface roughness standards . Consequently, in 2002, a working group in ISO/TC 213 was set up to develop areal surface texture standards, the future ISO/TS 25178 series.
(c ) New concept for areal surface texture Traditional profile parameters provide a simple approach to control the manufacturing process: they monitor changes in the surface texture and indicate changes in the manufacturing process such as machine tool vibration or tool wear. Once a manufacturing process has been established that produces workpieces that function well, it is assumed that all that is necessary to maintain acceptable production is to control the manufacturing process by monitoring changes in surface texture. Profile surface texture parameters were not capable of diagnosing product functional performance directly.
The areal method attempts to characterize the fundamental and functional topographical features of the surface, including assessment of texture shape and direction, estimation of feature attributes and differentiation between connected and isolated features. Areal surface characterization was not simply an extension from profile to the areal case (Stout et al. 1993; Blunt et al. 1999 ), but was a genuine attempt to characterize areal features.
(i) Unified coordinate system for surface texture and form measurement Surface irregularities have traditionally been divided into three groups loosely based on lateral scale: (i) roughness (primary texture), generated by the material removal mechanism such as tool marks, (ii) waviness, produced by imperfect operation of a machine tool, and (iii) errors of form, generated by errors of a machine tool, distortions such as gravity effects, and also thermal effects, etc. This grouping gives the impression that surface texture should be part of a coherent scheme with roughness at the smaller scale, waviness at the intermediate scale and errors of form at the larger scale.
The primary definition of surface texture has, until recently, been based on the profile (ISO 4287: 1997) . To ensure consistency of the irregularities in the measured profile, the direction of that profile was specified to be orthogonal to the lay (the direction of the predominant pattern of the surface irregularities). This direction is not necessarily related to the datum of the surface, whereas errors of form, such as straightness, are always specified as parallel to the datum of the surface (ISO 1101 (ISO : 2004 . Hence, profile surface texture and profile errors of form usually have different coordinate systems (figure 3) and, consequently do not form part of a coherent specification because they apply to different coordinate systems.
This situation has now altered since the draft standardization of areal surface methods, in which the primary definition of surface texture is changed from one being based on profiles to one based on areal surface. This means that there is no consistency requirement for the coordinate system to be related to the lay. Therefore, a unified coordinate system has been established for both surface texture and form measurement (ISO/TS CD 25178-3: 2006) . Surface texture is now truly part of a coherent scheme, with surface texture at the smaller scale, up to errors of form at a larger scale to part size at the largest scale (Jiang 2006) . The system is known as the geometrical product specification (GPS).
(ii) Scale-limited surface
The other new concept for areal surface texture is the scale-limited surface. Different from the profile system, areal surface characterization does not require three different groups of surface texture parameters. For example, in areal parameters only Sq is defined for the root mean square parameter rather than the primary surface Pq, waviness Wq and roughness Rq in the profile case (ISO 4287: 1997) . The meaning of the Sq parameter depends on the type of scale-limited surface used. The S-filter removes unwanted small-scale lateral components of the surface such as measurement noise or functionally irrelevant small features. The L-filter removes unwanted large-scale lateral components of the surface and the F-operator removes the nominal form (figure 4a). The latter is called an operator rather than a filter (ISO/TS 17450-2: 2002) since it firstly uses optimization to determine a best fit to the nominal form, and then removes the fitted form from the surface.
An SF surface is obtained by using an S-filter and an F-operator in combination on a surface, and an SL surface by using an L-filter on an SF surface (figure 4b). Both SF and SL surfaces are called scale-limited surfaces.
The scale-limited surface depends on the filters or operators used, and is controlled by the nesting index (below) of those filters. The profile concept of a primary profile is equivalent in areal terms to the SF surface, with the nominal form removed by the F-operator and the profile ls filter equivalent to the areal S-filter. The profile concept of a roughness profile is equivalent in areal terms to the SL surface, with the profile ls filter equivalent to the areal S-filter and the profile lc filter equivalent to the areal L-filter. The profile concept of a waviness profile is equivalent in areal terms to the SF surface with the nominal form removed by the F-operator and the profile lc filter, equivalent to the areal S-filter. A nesting index is an extension of the notion of the original cut-off wavelength and is suitable for all types of filters. For example, for a Gaussian filter, the nesting index is equivalent to the cut-off wavelength, and for a morphological filter with a spherical structuring element, the nesting index is the radius of the spherical element.
(d ) Numerical description
An early numerical parameter set for areal surface texture was the 'Birmingham 14 parameters' (Stout et al. 1993; Dong et al. 1994a,b) . This parameter set, though widely accepted, was considered to be somewhat of a 'theoretical nature' with insufficient practical evidence for its applicability (Lonardo et al. 1996; Peters et al. 2001 ). There were, however, still some problems with the definitions of the Birmingham 14 parameters: the mathematical descriptions in certain instances were ambiguous. For example, when the 'connectedness' of peaks or pits on a random surface is considered, how does one calculate the number of peaks or pits and their mean size as a function of height from the reference surface? How do peaks join together to form ridges, or how do pits link up? Furthermore, suitable parameters relevant to the material ratio curve need to be more indicative, in order to characterize common functional properties such as area and volume geometrical properties, or to describe wear and tribological properties.
Under the SurfStand Project (E.C. Contract 1998), the parameters for areal surface texture were further assessed with respect to stability, reliability and functional capabilities by a consortium formed by both academia and industry. Improvement and verification work was carried out with the emphasis on much stronger practical evidence and more feasible applications. The surface texture areal parameters derived from this research were developed according to their geometrical properties and partitioned into two main classes called 'field' and 'feature' parameters.
The field parameters are based on statistics, and are used to classify averages, deviations, extremes and specific features from a scale-limited continuous surface. The feature parameters are a new concept for surface texture and are defined using subsets of pre-defined features from a scale-limited continuous surface by using segmentation based on pattern recognition (Scott 2004) . This concept allowed dominant topographical features to be identified and catalogued (for details see §3). The field and feature parameter sets form the core part of the new basis for an ISO technical specification for areal surface texture (ISO/TS CD 25178-2: 2006).
(e ) The field parameter set
The field parameter set consists of the S-parameters and the V-parameters. The S-parameters depend on the height amplitude and spacing frequency, to describe both amplitude and spatial information. The V-parameters give fundamental volumetric information based on the areal material ratio curve (Abbott-Firestone curve).
The S-parameter set contains 12 parameters (ISO/TS CD 25178-2: 2006) and has been divided into four basic types: height; spacing; hybrid; and miscellaneous, as shown in figure 5 . The height parameters depend on the amplitude deviation, to describe amplitude-related properties of a surface. They mirror the profile amplitude parameters since many industrial users wanted continuity with the profile amplitude parameters. The spacing parameters refer to the spatial properties of surfaces. Sal and Str parameters are designed to assess areal aspects of surface texture, including texture strength and uniformity of the texture in all directions, and they are particularly useful in distinguishing between highly textured and random surface structures, and monitoring machine tool vibration and chatter . The hybrid parameters Sdq and Sdr are based on both amplitude and spatial information. They define numerically hybrid topography properties such as the slope of the surface and the interfacial area. Since most contact occurs on the flanks of peaks, and hybrid parameters contain information about peak flanks, hybrid parameters have particular relevance to the contact properties, both electrical and thermal, sealing properties, and wear and optical reflectance properties of a surface (Greenwood & Williamson 1966) . There is one miscellaneous parameter Std, which is designed to provide information in the texture direction, such as the lay direction of the surface texture.
The V-parameter set (ISO/TS CD 25178-2: 2006) in figure 6 is designed to assess the functional topographical features of the surface through analysing the material volume and void volume of a scale-limited surface. The rationale behind the parameters is to split the material ratio curve of a surface into three height zones, the peak, the core and the valley zones, and then to make volume calculations based on the three zones. The splitting of the material ratio curve into three zones was originally derived from DIN 4476 (1990) , as a practical solution to bearing problems in the automotive industry. The main idea is that the peak zone corresponds to initial running-in wear, the core zone to wear throughout the lifetime of the component, and the valley zone to lubricant retention under heavy wear conditions. (f ) Multi-scale analysis
It is recognized that the manufacture of ultra-precision surfaces leaves multiscale topography signatures within the topography of the surface. In practice, this means that a surface will contain fine-scale texture, from multiple sources, superimposed on other scales of texture. For example, the surface topography of a machined surface contains the information appertaining to the machine tool, including tool marks, machine vibrations and manufacturing conditions. The multi-scale nature of topography is an important factor in the functional performance of the surface. In bio-implant applications, for example, these variations will influence the wear properties of the surface and even biological interactions. These influences have long been recognized, and the traditional profile-based definitions of roughness, waviness and form are attempts to address them. The fundamental problem, however, has always been the efficient extraction, adequate reconstruction and preservation of the multi-scale information contained within the topography.
Wavelet theory provides a new analysis tool capable of resolving this fundamental problem; it employs space-frequency windows and offers the relevant space-frequency analysis. Wavelet transforms can divide functions into different scale-frequency components, and then each component can be studied with a resolution matched to its scale (Chui 1992; Daubechies 1992) . Progress in wavelet analysis created an opportunity that enabled researchers such as Jiang & Li (1994) and Chen et al. (1995) to use orthogonal wavelets to decompose machined turned, milled and ground surfaces, and evaluate the tool marks, machining vibrations and machine-tool errors. An example of a milled surface is shown in figure 7. Figure 6 . The V-parameter set. Jiang et al. (1997) , however, soon identified the phase distortion problems in orthogonal wavelets. Based on biorthogonal wavelets, and using a fast algorithm called 'the lifting scheme' developed at Bell Laboratory by Swelden (1995 Swelden ( , 1996 , Jiang proposed a new wavelet representation for use with multi-scale surface topography (Jiang et al. 2000) . This biorthogonal wavelet overcomes the distortion problems that occur with orthogonal wavelets. Application of the profile biorthogonal wavelet transform consists of constructing a ladder of smooth approximations to the profile (figure 8a). The first rung in the ladder is the original profile. Each subsequent rung consists of splitting the profile at that rung into two components, namely a smoother version of the profile, via a smoothing filter, which becomes the next rung, and a component, called the difference profile, which contains information about the difference between the two rungs via a high-pass filter. The action of the smoothing filter and the high-pass filter reduces the number of profile points by half. Each rung in the ladder therefore represents a different scale of the profile.
The smoothing filter and the high-pass filter are designed so that the original profile can be reconstructed perfectly from the final smoothed profile on the last rung and all the difference profiles from the other rungs on the ladder. Reconstruction is achieved by using a second pair of matched reconstruction filters so that at each rung the next lower rung can be reconstructed by adding a filtered version of the smoothed profile with a filtered version of the difference profile from the next rung (figure 8b). A wavelet transform does not consist of a single method (like the Fourier transform), but a multitude of transforms dependent on a 'mother wavelet', which determines the four filters.
This analysis model not only provides a fast algorithm, and in-place calculation, but also has both the 'simplicity' and 'naturalness' for the separation and reconstruction of different multi-scalar components of the surface, with a better metrological transmission characteristic than a Gaussian filter (Jiang et al. 2000) . The method has now been transferred to ISO/TS 16610-29 for geometrical filtration with adequate theoretical foundation (Jiang 2003) and available software (Taylor Hobson 2006) .
A surface biorthogonal wavelet transform has a slightly more complicated ladder structure, but the basic concept is the same. At each rung in the ladder, the surface is split into two components: (i) a smoothed surface component, (ii) a difference surface component that includes three elements, a difference element for the X direction and a difference element for the Y-direction using the high-pass filter in the respective direction, and a difference element in both X-and Y-directions with the profile high-pass filter applied in both those directions.
To obtain different scale components of the profile or surface (e.g. roughness, waviness, form, error, etc.), all that is necessary is to set to zero those difference components in the ladder structure that are not part of the scale component, and reconstruct the profile or surface. The reconstructed profile or surface will consist of only the required scales. Figure 9 shows a decomposition of measurement data representing a precisionlapped ceramic femoral head used in a replacement hip joint. Using only one wavelet decomposition, wavelet filtering of the surface into different passbands, equivalent to roughness, waviness and form error components, is easily achieved; consequently, the different passband surfaces can immediately and perfectly be reconstructed within a flexible transmission bank. The main problem with the biorthogonal wavelet transform is that small shifts in position of the surface can result in a completely different distribution of 'energy' among the wavelet components. In order to extract and reconstruct a surface topography with various scale scratches, such as those in plateau-honed surfaces and worn biomedical surfaces, a complex wavelet model (Jiang & Blunt 2004 ) was developed according to Kingsbury's dual-tree complex wavelet theory (Kingsbury 1999) , to avoid shift-variant problems from affine shifts of the surface. The dual-tree complex wavelet is designed to minimize the shift-variant problem, so that reconstruction of scratches, etc. have considerably less distortion (Jiang & Blunt 2004) .
The metrological characteristics of the complex wavelet were examined by Zeng et al. (2005) , and two industrial examples are shown in figures 10 and 11. More recently, complex ridgelets have been further improved to extract single scratches (Ma et al. 2005) . (g ) Fractal analysis
In a strict mathematical sense, surfaces are not fractal surfaces, since they do not contain the same type of structures at all scales and become discrete structures at the atomic scale. Surfaces may, however, display fractal-type behaviour over a range of scales. The volume-scale plot (figure 12a) is very useful in capturing some complementary behaviour over the observable range of scales. The volume-scale plot is a plot of the log of the volume between an upper and lower envelope of the scale-limited surface of a square horizontal flat as it moves in contact over the upper and lower surface (the upper envelope being the lower locus of the square horizontal flat on the upper surface, the lower envelope being defined analogously) against log-scale of the length of the side of the horizontal square flat. Another type of plot that gives similar information is called areascale analysis and is based on triangulation rather than the upper and lower envelopes of the surface (Brown & Charles 1993) .
Most volume-scale plots of scale-limited surfaces will display several regions where the curve is approximately a straight line. In each of these particular regions, the relationship between the scale s and the volume takes the form of a power law because the volume changes as s d . The slope of the straight line, on the volume-scale plot, is just the exponent d of the power law.
Over those range of scales where a particular power law is valid (i.e. over the corresponding region of the volume-scale plot where the curve is approximately a straight line), the surface will display self-similarity (that is to say portions of the surface, when enlarged by a suitable amount, will look like the original surface). Hence the surface, over these particular ranges of scales, is approximately a fractal surface with a fractal dimension of 2Cd (Dubuc et al. 1989) . Thus, the steeper the slope of the volume-scale plots, the more complicated the surface is for that particular range of scales.
As mentioned above, most volume-scale plots will display several regions where the curve is approximately a straight line. The scale where there is a change in slope from one region approximated by a straight line to another is called a crossover scale. In practice, this change can be ill defined, and so a procedure is necessary for determining the scale at which this change takes place. The identification of crossover scales is important because they indicate a change in the dominant mechanism affecting the surface of the measurement procedure.
For example, figure 12b shows a transition from relatively larger scales, where the slope is near zero, to smaller scales, where the slope is steeper. The first crossover scale indicates a change from a relatively smooth surface at larger scales to a rougher surface at smaller scales. Hence, above this first crossover scale, this particular surface can be considered mathematically smooth. The main usage of the crossover points is to identify and characterize the changes in the dominant surface creation process rather than to characterize the functional use of the surface.
Current paradigm shift: stochastic surfaces to structured surfaces
All surfaces consist of a collection of features at many different scales that comprise the surface texture. Functional surfaces are 'engineered' to meet functional requirements such as good bearing properties, good electrical contact, formability, paintability and optical properties, as specified by the design intent. The organization of the surface features, the feature types and sizes (together with the material properties, chemistry, etc.) all have a fundamental effect on the resulting function of the surface. The ability to characterize the surface geometry adequately is crucial in the optimization and control of functional surfaces. In traditional surface creation processes, such as grinding, lapping, polishing, honing, etc., the organization of the surface features is stochastic in nature. Even in turned surfaces that have a fundamental periodic component, there is still a large stochastic element in the surface due to the material shear mechanisms, ploughing and smearing at the tool workpiece interface. Surfaces with a dominant stochastic feature pattern are termed 'stochastic surfaces'; they have been very successfully characterized using techniques based on signal processing (e.g. spectral analysis, autocorrelation functions, material ratio curve, etc.), as discussed in Part I.
Surfaces whose features are organized as a deterministic pattern have recently become economically very important. The deterministic patterns include tessellations (road signs, golf balls), rotationally symmetric patterns (e.g. Fresnel lens) and linear patterns (e.g. diffraction gratings), etc. Even though there may be a small stochastic element within these surfaces, the deterministic pattern dominates. Surfaces with a dominant deterministic feature pattern are here called 'structured surfaces'. All structured surfaces are specifically designed to meet a specific functional requirement. For example, one of the earliest structured surfaces was the modern dimpled golf ball (Taylor 1905 ) whose functional requirement was to reduce air drag, through better hydrodynamic flow around the ball, so that it could be hit further. A more complete review of structured surfaces can be found in Evans & Bryan (1999) .
Surface texture always comprises many features of interest. The defining property of surface texture, which differentiates it from other areas within the GPS system, is that the characteristics are statistical (i.e. mean, maximum, range, etc.), and derived from the individual values of either an attribute of the features (e.g. feature height, area, and volume, etc.) or a relationship between features (e.g. distance between neighbouring features, etc.). In the new areal surface texture system, the definition of surface texture works for both stochastic surfaces, where the features are the scale-limited portions of the surface, and structured surfaces, where the features are the predetermined surface features.
(a ) Segmentation
To identify features on a surface, an automatic method is required to segment the surface into regions of interest. More than 100 years ago, Maxwell (1870) proposed dividing a landscape into regions consisting of hills and regions consisting of dales. A Maxwellian hill is an area from which maximum uphill paths lead to one particular peak, and a Maxwellian dale is an area from which maximum downhill paths lead to one particular pit. By definition, the boundaries between hills are course lines (watercourses), and the boundaries between dales are ridge lines (watershed lines). Maxwell was able to demonstrate that ridge and course lines are maximum uphill and downhill paths emanating from saddle points and terminating at peaks and pits. Recently, the Maxwellian dale (watershed lines) has emerged as the primary tool of mathematical morphology for segmentation of surfaces as preparation for pattern recognition (Scott 2004) .
Unfortunately, segmenting a surface into Maxwellian dales can be disappointing since the presence of measurement noise can cause oversegmentation into a large number of insignificant (tiny) shallow dales, rather than relatively few large deep dales, which would result for ideal (noise-free) data. What is required is the merging of insignificant dales into larger significant dales. Scott (2004) has extended Maxwell's definitions, so that a dale consists of a single dominant pit surrounded by a ring of ridge lines connecting peaks and saddle points, and a hill consists of a single dominant peak surrounded by a ring of course lines connecting pits and saddle points. Within a dale or hill, there may be other pits or peaks, but they will all be insignificant compared with the dominant pit or peak.
A mechanism is required to prune the Maxwellian hills and dales to the new extended, definitions, which would reduce the influence of measurement noise, but retain relevant information. Scott (2004) presented a set of necessary and sufficient criteria that all pruning methods must satisfy to ensure that the method is stable and robust. A popular stable and robust pruning method that works well in practice is Wolf pruning (Wolf 1991) . In the literature, there are several publicized references to stable and robust pruning methods (Barré & Lopez 2000; Bleau & Leon 2000) .
(b ) Segmentation applications
The manufacture and fabrication of MEMS and microfluidic devices is now a hugely expanding technology, with applications ranging from electronics to biotechnology. A major hurdle for the mass production and development of these devices is the measurement of the geometry and to a lesser extent, the surface texture. The difficulties lie around the ability to separate and quantify zones of differing planar height and then being able to analyse these zones individually and in relation to each other.
The stable extraction of significant surface features is based on edge detection of significant features and application of segmentation. To separate and quantify zones of differing planar separation, morphological edge detection based on the Sobel operator is initially applied, and then segmentation with Wolf pruning is used to detect closed contours that bound significant geometrical features. Areas within these closed contours can then be isolated and separately analysed individually or as a feature of the overall geometry. Figure 13 shows an example of the techniques when applied to analysing the planar heights on a microfluidic device. In figure 13a , the entrance to the reactor channels is shown at higher magnification. The channels have a close spacing of 3 mm, and the plasma flow and consequent fluid separation is greatly influenced by the channel dimensions and any defect within the channels. Conventional metrology for such devices would involve a visual analysis of each channel individually, which is difficult and time consuming. The result is that many devices are not measured, and are only tested when the complete device is assembled. The result is that scrap rates of as high as 75% are known (Singleton et al. 2002) . By processing the surface data from the device using a Sobel edge operator, the step planes can be distinguished from the base plane, since the edges build a 'fence' to form the close contours. In figure 13b , the edges of the step planes form clear boundaries with the base plane, and positions of the step planes can be easily identified. Figure 13c displays the result of the segmentation using Wolf pruning and morphological pattern analysis. The whole surface was segmented into nine sections, eight for the channels and one for the base and channel path plane. The edge lines are perfectly consistent with the edge of the channel walls. It is clear that five channels are partially blocked by defects and only three channels could be considered as free-flowing channels.
In conclusion, the segmentation techniques offer the possibility of fast automatic metrology techniques, and these types of techniques can be developed to most features on scale-limited surfaces.
(c ) Five steps to a feature parameter Feature characterization does not in general have specific feature parameters defined but has instead a toolbox of pattern recognition techniques that can be used to characterize specified features on a scale-limited surface. The feature characterization process consists of five stages: (i) selection of the type of texture feature; (ii) segmentation; (iii) determining significant features; (iv) selection of feature attributes; and (v) quantification of feature attribute statistics. There are nine specifically named feature parameters (figure 14) defined in ISO 25178-2; these parameters are however still defined using the five stages.
(i) Type of texture feature
The three main types of texture features are areal features (hills and dales), line features (course and ridge lines) and point features (peaks, pits and saddle points). It is important to select the appropriate type of texture feature for the function of the surface under inspection. feature parameter set (9) spacing/hybrid (2) peak (3) material (4) density of summits -Sds arithmetic mean peak curvature -Ssc ten point height of surface -S5z five -point peak height -S5p five -point pit height -S5v closed void area -Sva closed peak area -Spa closed void volume -Svv closed peak volume -Spv Figure 14 . A feature parameter set as given in ISO 25178-2.
(ii) Segmentation
Segmentation is used to determine regions of the scale-limited surface that define the scale-limited features.
(iii) Determining significant features A given 'function' does not interact with all features in the same way; different features interact differently. It is thus essential to determine those features that are functionally significant from those that are not. For each particular surface function, segmentation procedure is required that identifies the significant and insignificant features defined by the segmentation.
(iv) Selection of feature attributes
Once the set of significant features has been determined, it is necessary to determine suitable feature attributes for characterization. Most attributes are a measure of size of the feature, e.g. length, area or volume of a feature, or feature density.
(v) Attribute statistics
Feature attributes constitute calculation of a suitable statistic for the significant features, a feature parameter, or alternatively a histogram of attribute values. An example of feature attribute statistics is given in table 1.
(d ) Structured surfaced with nanoscale features
There are two basic approaches to the creation of features of specified geometry on the nanosurfaces: 'top-down' and 'bottom-up' approaches. In this paper, surface metrology is associated with the top-down approach, which covers surfaces largely manufactured by ultra-precision machining, micro moulding, embossing and lithographic techniques. Typically, the structures produced are at the micrometre or nanometre scale in one dimension, and tend to be microscale or larger in the other dimensions. As technology advances, the sizes of individual structures are approaching the nanoscale in all three spatial dimensions, which will provide a further challenge to metrologists, especially in terms of instrumentation. The hard disk drive industry uses a specially structured area on the hard drive to park the hard drive read/write head. This area consists of a series of laser-ablated holes (bumps) that are burned into the disk surface in a structured process referred to as laser zone texturing. The function of the zone is to scrape out air from the air bearing beneath the read/write head and to park the head correctly without damaging the head or disk. An excellent example of structured surface characterization in the quantification of these bumps is shown in figure 15a .
The manufacturer calculates a series of parameters for each disk. The first set characterizes the relationship between the bumps and consists of the mean distance between the centres of two adjacent bumps within a row and the mean distance between two adjacent rows of bumps. It can be seen in figure 15b that C is the distance between the centre of two adjacent bumps and D is the distance between two adjacent rows of bumps. Segmentation is used to define the extent of each laser-ablated hole, and then the distances are easily calculated.
The second set of parameters characterizes statistics of particular attributes of the bumps and includes the maximum height of the highest bump, the average height of all the bumps, the average diameter of all the bumps, and the difference between the largest and smallest diameters of all the bumps. The diameter is calculated as the least squares circle that best fits the segmentation boundary of the bump. The above analysis needs to be carried out automatically and in less than 2 s.
In conclusion, the segmentation technique with feature analysis offers the possibility of fast automatic metrology procedures. Moreover, such procedures can be developed for most features on nanoscale surfaces.
Current paradigm shift: simple geometries to complex freeform geometries (a ) Introduction
In many technologically advanced industries, such as optics, the shape of the surfaces of manufactured objects is becoming much more complicated than simple geometrical shapes. Unlike conventional surfaces, these advanced surfaces have no axes of rotation and in the future could have almost any designed shape. These latter geometrical surface shapes are called freeform surfaces (Clayor et al. 2004) . The geometry of freeform surfaces cannot be described by a single universal equation, as is the case for aspheric surfaces, but a myriad of equations including toroidal, biconic, microstructures (such as V-groove, lenticulation and echells, pyramid), NURBS, etc. Clayor proposed that micro-lens arrays also belong to freeform since they have the same aspects in fabrication, alignment and measurement (Clayor et al. 2004; Jiang et al. 2007) .
Over the past decade, the design and manufacture of advanced optics has begun to include freeform optical elements and micro-structured optical surfaces, which are critical components in high added-value products such as mobile phone cameras, laser printers, flat-bed scanners, displays, telecommunications, photonics (broadband optical fibre connectors) and biomedical devices. Freeform surfaces allow these optical components to contain less 'glass', making them lighter, cheaper to manufacture, and in most cases perform better (ASPE 2004; Lee 2005) . The rapidly increasing use of ultra-precision freeform surfaces is, however, not limited to the optics field: bio-implants such as knee prostheses use freeform surfaces as the bearing components. One of the primary advances in this field is freeform hard-bearing couples, requiring micrometre scale form control with nanometric surface topography control (Blunt & Charlton 2005; Bills et al. 2006) . The next generation of overwhelmingly large telescopes will require complex freeform segment mirrors of dimension 1-2 m with better than 20 nm form accuracy and 5 nm surface finish (Shore & Burman 2004) .
Ultra-precision multi-axis freeform machining, single point diamond turning, Computer Numerical Control (CNC) milling, CNC grinding and CNC polishing (ASPE 2004; Optonet Workshop 2004; Hong Kong 2005) constitute an enabling technology that allows the designed freeform surface to be fabricated. However, a fundamental difficulty, relating to the ever-expanding introduction of freeform surfaces, is how to measure and characterize such surfaces with the required submicrometre form accuracy and sub-nanometre surface texture.
(b ) Freeform surface metrology
At present, due to the geometrical complexities of freeform surfaces, the achievement of a superior freeform surface still depends largely on the experience and skills of machine operators through an expensive trial-and-error approach. However, the measurement and characterization techniques for freeform surfaces are under development.
(i) Classification of freeform surfaces
Freeform surfaces have been classified into three kinds according to their applications as follows ).
Class 1: Surfaces that include steps, edges and facets. An example is the Fresnel lens that is used to collimate the light in a lighthouse and in some modern car headlights.
Class 2: Surfaces that have a tessellated pattern, i.e. a repeated structure over the surface. An example is a 3M trizac abrasive surface, which consists of an array of triangular-based micrometre-sized pyramids.
Class 3: Smooth surfaces, i.e. surfaces designed with no steps, edges or patterns, but relying purely on the global geometry. An example is the overwhelmingly large telescope project (Shore & Burman 2004) , which requires complex freeform segment telescope mirrors.
(ii) Measurement techniques of freeform surfaces There is currently no mature traceable measurement methodology for the complete range of complex geometric surfaces. Some traditional measurement techniques ranging from contact to non-contact and from points to areal measurement are partially used for freeform surface measurement. For example:
(i) SEM/AFM have been used for measuring the surface topography of single features of microlenses (Takeuchi et al. 2004; Lee et al. 2006; Orhan et al. 2006 ). (ii) Contact profilometry with large measurement range such as the Talysurf PGI has been used to measure the optical lenses (Taylor Hobson 2006) . (iii) Phase shifting interferometry (PSI) may be the most widely used method for super smooth surface such as the wafer surface. White light interferometry has been widely used for the measurement of surfaces with steps, edges and facets. (iv) Mach-Zehnder/Twyman-Green interferometer with a null lens has been used for the measurement of aspheric lenses (Reichelt et al. 2005) . One method for aspheric metrology without null lenses is sub-aperture interferometry. The whole surface of the part can be measured by combining or 'stitching' the sub-aperture measurements. (v) Computer-generated holography has been widely used to test rotationally symmetric surfaces for many years. A computer-generated holograph (CGH) can be thought of as a binary representation of the interferogram, or hologram, that would be recorded if the aspheric wavefront coming from a perfect aspheric surface interferes with the reference beam. The CGH and the interference fringes produced by the interference of the reference wavefront and the wavefront produced by the mirror under test are used to generate a moiré pattern. This pattern gives the difference between the CGH and the interference. Current systems can achieve 1/50 wavelength accuracy from a hologram diameter of 50 mm (Brinkmann et al. 1998; Burge & Wyant 2004) . (vi) Geometry measuring machine (GEMM) is an areal shape-measuring instrument. It uses a Twyman-Green phase measuring interferometer as a curvature sensor. GEMM can measure a maximum of 110 mm diameter, with a 4 m radius of curvature (Chang et al. 2004; Machkour-Deshayes et al. 2006 ). (vii) Swing arm profilometer produces a two-dimensional profile of an aspheric surface. A small interferometer or a stylus serves as a sensor mounted on the swing arm to measure the form deviation (King et al. 2006) . Current swingarm profilometers are intended as proof-of-concept devices and have the capability to measure concave surfaces up to 1 m in diameter with a minimum radius of curvature of 1.75 m. Another method is to measure the local curvature of the surface along the direction of the profile, and then reconstruct the profile from the curvature measurements (Elstner et al. 2001; Schulz 2001 ).
The measurement of freeform surface topography on ultra precision and nanoscale still leaves a significant technological deficit, where available measurement systems have problems in achieving the large dynamic range with sufficient resolution. There are urgent requirements for innovation and new measurement instruments.
(iii) Characterization of freeform surface
Beyond the inherent technical challenges in freeform surface measurement, freeform surface characterization is another obstacle to freeform surface manufacture. Being different from a simple geometry surface fit (Forbes 1990 (Forbes , 2005 Stout et al. 1993; McBride & Cross 1996; Taylor Hobson 2006) , the form accuracy of a freeform surface depends on the fitting accuracy of the measured surface and a reference template (a complex nominal surface). Currently, there is a lack of uniform terminology and absence of consistent mathematical fitting techniques.
A new fitting methodology has been proposed , which is designed for smooth freeform surfaces, and assumes that the measured surface is a portion of the nominal surface. In order to reach a high fitting accuracy of one part in 10 7 , a two-stage fitting method has been investigated, in which an initial fitting procedure is performed to supply a rough position and a final fitting procedure to improve the accuracy.
A structured region signature technique has been developed for the initial rough fitting (Zhang et al. in press) . In this method, a suitable sphere is used with its centre located on the measured surface. Those measured points that lie close to the boundary of the sphere with the measured surface (figure 16a) form an approximate circle. These points are projected onto a best-fit plane generated from all the measurement points within this sphere (figure 16b).
The signed projection distance d of each of the boundary points, and the polar angle q form a signature profile (figure 16c) for the point on the measured surface at the centre of the sphere. Signatures are calculated at locations uniformly sampled on the reference template. The template location yielding a signature closest to that of the measurement surface is taken as the best approximation to the rough position.
Final fitting is employed to reach higher accuracies. If the reference template is a point cloud, an iterative closed point method (Besl & McKay 1992) can be adopted. Otherwise, a Levenberg-Marquardt technique (Fitzgibbon 2003) can be applied to a smooth continuous template function reconstructed from the cloud of points using standard functions, e.g. radial basis functions, NURBS, etc.
A computing simulation is given below. A small portion of dimension 40!40 mm 2 , as shown in figure 17a , is extracted from a freeform surface. It is transformed to an arbitrary position as the initial location of the measurement surface (figure 17b), and Gaussian noise N(0, 0.2 mm) is added to represent measurement error. Using the structured region signature method, a rough fitting position is obtained ( figure 17c ). Final fitting is performed to optimize the fitting result as shown in figure 17d . The rotation and translation errors in this case are of the order of 10 K4 degree and 10 K5 mm, respectively (Zhang et al. accepted).
Conclusions
Throughout parts I and II of this paper, the development of the discipline of surface metrology has been tracked according to its paradigm shifts in order to meet new requirements demanded by multi-dimensional technology and consequent engineering evolutions.
The genesis of the surface metrology discipline started centuries ago, with the investigations of da Vinci, Amonton and Coulomb into the friction between surfaces of a moving body. Through the first investigation into profilometers, Abbott made practical and theoretical contributions during the 1930s, together with the 'Material Ratio Curve', which is still used today. Signal processing theory led to a digital paradigm shift. Finally, there was the development of wide vertical-range instruments. These three developments build a complete philosophical model for changes up to the 1990s. Following these historical developments, this paper describes a disciplined development of the philosophies in the current paradigm shift. These techniques include measurement, instrumentation, filtration, characterization and standardization. This paper considers new applications for this constantly evolving discipline.
The paper indicates that metrology for structured surfaces and freeform surfaces will be the big challenge for surface metrology. This statement is made because the scale of surface texture is beginning to approach some of the geometrical features in MEMS/NEMS devices and microlenses. Moreover, form deviations and surface finish for telescope mirrors, for example, are approaching one part in 10 8 . Although in both parts of this review paper a number of issues have been discussed, they are by no means a comprehensive list, but are sufficient to indicate the nature and scope of the development of the discipline of surface metrology. One subject that has not been covered concerns surface systems as opposed to single surfaces. Although the concern of this paper has been single surface properties, consideration of the contact between and the relative movement of surfaces is also of the greatest importance. 
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